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MinireviewFERMing Up the Synapse
Large proteins like CD43 and CD45 form a thick glyco-Andrey S. Shaw
calyx, effectively burying shorter molecules like the TCR,Department of Pathology and Immunology
which has a height of only 7–8 nm. Membrane proteinWashington University School of Medicine
reorganization is thought to generate membrane regionsSaint Louis, Missouri 63110
lacking “tall” molecules, allowing the TCR to bind MHC/
peptide (Shaw and Dustin, 1997). As proteins important
for T cell activation like CD4, CD8, CD28, and CD2 are
The immunological synapse is characterized by the
abundant and similar in size to the TCR, the function of
reorganization of membrane proteins at the immuno-
these accessory molecules is proposed to generate a
logical synapse. Active cytoskeletal mechanisms are
close contact between cell surfaces. Early work sug-
involved in recruiting the TCR, accessory molecules,
gests that the contact surface is generated by the active
and the integrin LFA-1 to the contact area. Other mole- clustering of small molecules (Dustin et al., 1998). How
cules like CD43 are excluded from the contact area, large molecules are moved out of the contact surface
but the mechanism of exclusion is unknown. Three was until now largely unknown.
papers in this issue of Immunity demonstrate that The actin cytoskeleton plays a critical role in immuno-
CD43 exclusion involves the ERM family of cytoskele- logical synapse formation. Indeed, experiments tracking
tal proteins. the movement of beads attached to T cell membrane
proteins indicate that myosin motors move membrane
proteins toward the contact surface (Wulfing and Davis,T cell biologists have embraced the immunological syn-
1998). One model suggests that proteins are movedapse hypothesis because it has the potential to explain
indiscriminately to the contact surface, and proteinhow the TCR is able to generate high sensitivity and
charge and topology determine the organization of pro-specificity with a low-affinity receptor. The model pro-
teins in immunological synapses (Shaw and Dustin,poses that the biochemical events that underlie T cell
1997). Small, uncharged molecules would move unim-activation are governed by the reorganization of mem-
peded into the central zone, while large, highly chargedbrane proteins at the contact area between the T cell
molecules would be trapped in peripheral zones. Mathe-and the antigen-presenting cell (APC) (Grakoui et al.,
matical modeling based on assumptions about mem-1999; Monks et al., 1998; Bromley et al., 2001). Support-
brane fluidity and rigidity, protein size, and receptor/ing an important role for the immunological synapse is
ligand affinity suggests that once initiated, the segrega-the finding that membrane reorganization is dependent
tion of proteins could occur spontaneously (Qi et al.,upon the quantity and stability of TCR/MHC-peptide
2001). The three papers in this issue of Immunity suggestcomplexes (Grakoui et al., 1999). Surprisingly, little is
that the exclusion of large molecules like CD43 from theknown about the cytoskeletal mechanisms that underlie
contact area may not be so simple; CD43 exclusion from
immunological synapse formation. This is an important
the synapse requires binding to the ERM proteins.
issue because linkage between TCR signaling and cy-
Ezrin, moesin, and a third molecule, radixin, form the
toskeletal remodeling lies at the heart of immunological three mammalian members of the ERM (ezrin-radixin-
synapse formation. Three papers in this issue of Immu- moesin) family of proteins (reviewed in Bretscher et al.,
nity begin to uncover some of the details of this process: 2000; Tsukita and Yonemura, 1999). ERM proteins at-
Allenspach et al., 2001; Roumier et al., 2001; and Delon tach membrane receptors to the actin cytoskeleton and
et al., 2001. play critical roles in allowing the formation of membrane
Many groups have now confirmed using high-resolu- structures by the actin cytoskeleton. The three mole-
tion microscopy that T cell activation by an APC is asso- cules share a high degree (75%) of amino acid identity
ciated with membrane protein reorganization at the con- and are highly similar to the single forms of this protein
tact area. This reorganization consists of at least two expressed in Drosophila and C. elegans (Figure 1). So
concentric rings. In the center, called the c-SMAC (cen- far, most evidence, including knockout mice, suggests
tral-supramolecular activation complex), proteins like that they are functionally redundant (Doi et al., 1999).
the TCR, CD2, and CD28 are clustered together (Monks ERM proteins have three structural domains. The
et al., 1998). Surrounding this central zone is a second N-terminal domain, the FERM domain, mediates binding
zone, the p-SMAC (peripheral-supramolecular activation to membrane proteins. The FERM (Four.1, ERM) domain
complex), which can be identified by the high concentra- is found in a wide variety of proteins including band 4.1,
tions of the integrin, LFA-1, and the cytoskeletal protein, talin, the ERM proteins, the JAK kinases, and several
talin (Monks et al., 1998). Outside these two rings is a cytoplasmic tyrosine phosphatases. An -helical do-
third, presently unnamed zone, which contains all of main and then a filamentous actin binding domain at
the proteins that are excluded from the immunological the C terminus follow the FERM domain. This structural
synapse. The most notable protein in this group is the organization allows ERM proteins to link membrane pro-
mucin, CD43. CD43 is a heavily glycosylated membrane teins with the cortical actin cytoskeleton (the actin cy-
protein that is perhaps the most abundant protein on the toskeleton that exists just underneath the plasma mem-
surface of the T cell. It is also a large protein, predicted to brane). While ERM proteins are widely expressed and
extend from the surface of the cell about 45 nm (Cyster likely to bind a large number of membrane proteins, only
a handful of binding targets have been identified. In Tet al., 1991).
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Figure 1. Schematic Diagram of the ERM
Proteins
(A) Comparison between the structures of ez-
rin, moesin, radixin, and band 4.1. Numbers
represent the percent amino acid identity be-
tween individual proteins and ezrin in the indi-
cated domain. Band 4.1 contains a FERM do-
main that is similar to the FERM domains of
the ERM proteins but contains a distinct actin
binding domain at the C terminus that is not
related to the ERM proteins.
(B) Regulation of the ERM proteins. In the
resting, unphosphorylated state, the FERM
domain at the N terminus interacts with the
actin binding domain at the C terminus,
blocking both membrane protein as well as
actin filament binding. Phosphorylation and/
or PIP2 binding induces a conformational
change in the proteins, allowing binding to
membrane proteins and the sides of actin fila-
ments.
cells, the membrane proteins CD43, CD44, Fas, ICAM-1, cluded from the immunological synapse and that exclu-
sion depends on TCR signaling (Sperling et al., 1998).ICAM-2, and ICAM-3 have been identified as ERM bind-
ing partners. The linkage of membrane proteins with the Three groups have now analyzed whether ERM proteins
are involved in CD43 exclusion from the synapse.actin cytoskeleton allows ERM proteins to participate
in the formation of membrane structures like microvilli Primary T cells express moesin, small amounts of ezrin,
and no radixin. Alcover’s group examined ezrin (Roumierand lamellopodia. Inhibition of ERM function results in
loss of membrane structures and blocks processes like et al., 2001), Germain’s group examined moesin (Delon
et al., 2001), and Sperling’s group examined both moesincytokinesis and cell adhesion.
Phosphorylation regulates the activity of ERM pro- and ezrin (Allenspach et al., 2001). Together, the three
papers demonstrate that the ERM proteins, ezrin andteins. In the unphosphorylated state, the FERM domain
interacts with the C terminus, blocking both membrane moesin, colocalize with CD43 and are excluded with
CD43 from the immunological synapse. ERM bindingprotein and actin binding, thus keeping the protein away
from the membrane (Pearson et al., 2000). Phosphoryla- to CD43 was required for CD43 exclusion because a
mutated form of CD43 that cannot bind to moesin wastion of ERM proteins at a conserved threonine residue
near the C terminus and/or binding to the lipid, PIP2, not excluded from cell contacts (Delon et al., 2001).
Additionally, a dominant-negative form of ezrin inhibitedopens the molecule, allowing ERM proteins to link with
membrane proteins and actin filaments. Little is known CD43 exclusion (Allenspach et al., 2001). Functional rele-
vance was shown by the fact that dominant-negativeabout the responsible kinases, but Rho-kinase (ROCK)
and PKC- have been implicated. Even less is known ezrin strongly inhibited T cell activation (Roumier et al.,
2001; Allenspach et al., 2001). This supports the ideaabout the phosphatases.
The role of ERM proteins in membrane dynamics and that ERM-mediated CD43 relocalization is required for
T cell activation.the knowledge that CD43 binds to ERM proteins sug-
gested that ERM proteins might be involved in immuno- A confusing issue is the distinct localization of CD43/
ERM complexes reported in each of the three studies.logical synapse formation. Previous work from Sperling,
Burkhardt, and coworkers established that CD43 is ex- Roumeir et al. report that CD43 is recruited to mem-
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Figure 2. Model for ERM-Mediated Relocalization of CD43
In resting T cells (panel 1), TCRs and CD43 are randomly arranged on the surface of the T cell. CD43 is anchored to the cortical cytoskeleton
via interactions with phosphorylated ERMs. Early in immune synapse formation (panel 2), TCR signaling results in ERM dephosphorylation,
which releases CD43 from the cortical cytoskeleton. The tight contact surface formed by the TCR and associated accessory molecules
“squeezes” out now mobile CD43 molecules from the contact area. CD43 accumulates transiently in the membranes flanking the contact
surface. Midway through synapse formation (panel 3), CD43 begins to diffuse away from the contact surface, resulting in even distribution
of CD43 throughout the contact. Late in immune synapse formation, rephosphorylation of ERMs stimulates rebinding to CD43, anchoring
CD43 to the cortical cytoskeleton and preventing CD43 from reentering the contact area.
branes that flank the contact area, but Delon et al. and of cells examined. This antipodal distribution was not
reported by Delon et al. or Roumier et al. Again, theAllenspach et al. do not report this. Delon et al. mainly
emphasize CD43 exclusion from the contact while Allen- reasons for this difference are not known, but it is poten-
tially due to the different TCR/APC systems used. Thesespach et al. report that in a large proportion of cells,
CD43 is recruited to the opposite pole of the cell. These differences do point to an important vulnerability of ex-
periments that rely heavily on images. These studies aredifferences may be due to the mode of stimulation and/
or the cell types used. Roumeir et al. used mainly super- highly dependent on the skill of the operator and the
judgment of the experimentalist. While all three papersantigen-stimulated Jurkat cells while Delon et al. and
Allenspach et al. used T cells from transgenic mice stim- do an excellent job of quantitating their visual findings,
the images shown in these types of studies are alwaysulated with MHC/peptide.
The recruitment of CD43 to membranes flanking the highly selective. On the one hand, an experimentalist
may not notice an important and morphological featurecontact surface described by Roumier et al. is quite
prominent. But the images from the Roumier et al. paper like the antipodal distribution of CD43. On the other
hand, a specific morphological feature may be an artifactshow contact membranes that are unusual for T cell/
APC contacts using primary T cells or T cell clones. In of the system used. This stresses the importance of
confirming any observable effect by multiple operatorstheir images, membranes are highly ruffled and look as
if the T cell is trying to engulf the APC. This engulfment in multiple systems.
The question of whether CD43 relocalization is associ-behavior is similar to a previous study imaging the inter-
action of a T cell hybridoma and a B cell (Negulescu et ated with changes in ERM phosphorylation was ana-
lyzed in two of the papers (Allenspach et al., 2001; Delonal., 1996). While this behavior may be peculiar to the use
of tumor cell lines, these images probably accentuate a et al., 2001). Phospho-ERM antibodies stained the plasma
membrane, and the pattern of staining correlated withnormal process. Close examination of time-lapse im-
ages in the Delon et al. paper show that early in synapse the location of CD43; in the case of Delon et al., phos-
pho-moesin was excluded from cell contacts, while information, contact membranes are very active, and there
is clearly some recruitment of moesin to the membranes the case of Allenspach et al., phospho-ezrin was seen at
the opposite pole in some cells. A particularly interestingflanking the contact. The only distinction of the Roumeir
study is the magnitude of the lateral membrane protru- finding from Delon et al. is that TCR signaling results in
transient moesin dephosphorylation. Immunofluores-sions seen and ezrin recruitment. It is also not clear
whether T cells activated with superantigen can form cence experiments show a dramatic and global dephos-
phorylation of moesin within 1 min of contact with thelegitimate immunological synapses.
A more important difference between the studies is APC. Rephosphorylation occurred quickly within 2–3
min. Interestingly, rephosphorylation occurred first atthe finding by Allenspach et al. that CD43 and ERM
proteins localize to the pole of the cell opposite the the lateral sides of the contact and then spread circum-
ferentially. Immunoblotting experiments support thecontact surface in a significant proportion (25%–30%)
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rapid changes in moesin phosphorylation but not the these processes are regulated by the cytoskeleton and
magnitude of the changes seen by immunofluores- are intimately related to processes controlling plasma
cence. membrane dynamics and T cell polarization. While little
Delon et al. suggest that this rapid and dynamic is known about how the signaling machinery regulates
change in moesin phosphorylation can explain how pro- all of these events, rapid progress in our understanding
tein reorganization occurs during synapse formation. In of signaling and cytoskeletal control suggest that the
their “thaw-freeze” model (Figure 2), moesin dephos- time is ripe for an examination of these issues. The work
phorylation allows CD43 to disengage from the cytoskel- described here would not be possible without knowl-
eton. Freely mobile CD43 can now move out of the edge of ERM biology pioneered by cell biologists.
contact area. Moesin rephosphorylation then reanchors Clearly, the future of T cell biology will continue to benefit
CD43 to the cytoskeleton, preventing it from reentering from the integration of progress in signal transduction
the contact area. One interpretation of this model is as well as cell biology.
that CD43 moves first and then ERM follows. Lateral
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These three papers hint at the complexity underlying
formation of the immunological synapse. Mechanisms
exist not only for the recruitment of small molecules to
the contact surface but now also for the exclusion of
larger, inhibitory molecules from the synapse. All of
